Background: Long noncoding RNA (lncRNA) H19 is emerging as a vital regulatory molecule in the progression of different types of cancer and miR-675 is reported to be embedded in H19's first exon. However, their function and specific mechanisms of action have not been fully elucidated. The aim of this study was to identify a novel lncRNA-microRNA-mRNA functional network in gastric cancer. Methods: Quantitative real-time polymerase chain reaction (qRT-PCR) was used to assess the relative expression of H19 and miR-675 in normal (GES-1) and gastric cancer cell lines (SGC-7901, SGC-7901/DDP) as well as in tumor tissues. Gain and loss of function approaches were carried out to investigate the potential roles of H19/miR-675 in cell proliferation and apoptosis. Moreover, Fas associated via death domain (FADD) was validated to be the target of miR-675 via luciferase reporter assay. Western blotting was used to evaluate the protein expression of related signaling pathway. Results: In our study H19 and miR-675 were increased in gastric cancer cell lines and tissues. Overexpression of H19 and miR-675 promoted cell proliferation and inhibited cell apoptosis, whereas knockdown of H19 and miR-675 inhibited these effects. By further examining the underlying mechanism, we showed that H19/miR-675 axis inhibited expression of FADD. FADD downregulation subsequently inhibited the caspase cleavage cascades including caspase 8 and caspase 3. Conclusion: Taken together, our results point to a novel regulatory pathway H19/miR-675/ FADD/caspase 8/caspase 3 in gastric cancer which may be potential target for cancer therapy.
Introduction
Gastric cancer is ranked the fourth most prevalent cancer, it is also one of the leading causes of cancer related deaths worldwide and thus it represents a major health burden [1] . Its formation is a multistep process which involves an interplay of many different genes in the tumor itself as well as in its surroundings [2] . Unfortunately there are no typical signs of gastric cancer until it's advanced stage. Although the progressive diagnose methods and standard chemotherapy protocols have been established, prognosis of gastric cancer patients is still very poor [3] . Thus, there is still a pressing need to elucidate the molecular mechanisms underlying gastric cancer progression as well as to identify key biomarkers and develop effective targeted therapies.
LncRNAs are generally defined as RNA transcripts longer than 200 nucleotides without protein coding function. LncRNAs have been shown to influence a number of cellular functions, such as cell proliferation, migration, invasion, and apoptosis, by modulating gene expression at transcriptional and posttranscriptional levels [4] [5] [6] [7] . Recently, Zhao et al have performed a lncRNA microarray analysis of gastric tumors and found 3141 lncRNAs which were significantly differentially expressed in tumor tissue compared to the paired normal gastric tissue [8] . It has been reported that H19, a 2.3-kb lncRNA which is transcribed from H19/Igf2 gene cluster located on human chromosome 11p15.5, is among the strongly upregulated lncRNAs [9, 10] . Furthermore, H19 has been reported to regulate tumorigenesis in recent years but whether H19 acts as a tumor suppressor or as a tumor promotor is still controversial [11, 12] . In addition, the precise underlying mechanism of its function still remains elusive and needs to be further explored.
It is known that lncRNAs sometimes acquire function by acting as precursors of miRNAs, which post-transcriptionally regulate target genes through base pairing with specific sequences in 3'untranslated regions (UTRs) [13, 14] . H19 is reported as a precursor of primary miR-675 and generates it in the Drosha and Dicer splicing-dependent manner [15] . MiR-675 in turn has been reported to promote cancer by repressing tumor suppressor genes in a classical miRNA manner, but its growth restriction role in embryonic development has also been described [16, 17] . However, the role of H19/miR-675 axis in tumorigenesis remains elusive and it has not been validated in animal models. Consequently, we speculated that H19 induced tumorigenesis may also be mediated by miR-675.
In this study, we found that the expression of both H19 and miR-675 were significantly increased in gastric cancer cells and tissues. Furthermore, we demonstrated that H19 promoted gastric cancer formation at least partially mediated by miR-675 both in vivo an in vitro. Moreover, our results identified for the first time that FADD, a significant gene regulating cell apoptosis, is a direct target of miR-675. These results increase our understanding on the role of the lncRNA-miRNA-mRNA functional network in gastric cancer.
Materials and Methods

Human tissue samples
Paired gastric cancer tissue samples and corresponding adjacent noncancerous gastric samples of thirty-four patients were collected from the First Affiliated Hospital of Nanjing Medical University (Nanjing, China). All samples were confirmed as gastric cancer by pathological analysis and none of the patients had received chemotherapy or radiotherapy before surgical resection. Informed consent was obtained from all patients and this study was approved by the Ethical Committee of the First Affiliated Hospital of Nanjing Medical University.
Cell lines and cell culture
Human gastric cancer cell line SGC-7901, cisplatin resistant cell line SGC-7901/DDP and normal gastric epithelial cell line GES-1 were purchased from the Shanghai Institute of Cell Biology (Shanghai, China). Cells were cultured in PRIM-1640 (GIBCO, Rockville, USA) supplemented with 10% fetal bovine serum (GIBCO, Rockville, USA) and 1% antibiotics and grown at 37 °C in humidified air with 5% CO 2 . 
RNA extraction and qRT-PCR
Total RNA from tissue and cell samples was extracted using a Trizol reagent (Takara, Otsu, Japan) following the manufacturers' instruction. For mRNA expression analysis, reverse transcription was carried out using reverse transcription kit (Takara, Otsu, Japan). For the miRNA expression analysis First-Strand cDNA Synthesis Kit (GeneCopoeia, Guangzhou, China) was used in reverse transcription. Real-time PCR was performed in triplicate using the SYBR Green PCR Kit (Takara). All reactions were performed on Applied Biosystems
Step One Plus Real-Time PCR System (Applied Biosystems, Foster city, USA). Expression of GAPDH (for mRNA) and U6 (for miRNA) were used as endogenous controls. Comparative quantification was determined using the 2 -ΔΔCT method. 
Cell transfection
For the cell transfection experiments, plasmid-H19, plasmid-FADD, plasmid-control, si-H19, si-FADD, and si-control RNA were synthesized by Invitrogen (Nanjing, China). MiR-675 mimic, miR-675 inhibitor, and their respective controls were bought from Genepharma company (Shanghai, China). Plasmid and oligonucleotide transfection were performed by using Lipofectamine 2000 reagent (Life Technologies Corporation, Carlsbad, USA) according to the manufacturers' instruction. Finally, 48h or 72h after transfection, transfected cells were collected and used in further experiments.
Dual luciferase reporter assay
For the dual luciferase reporter assay cDNA fragments from FADD containing the miR-675 binding sites were amplified by PCR and cloned into a pGL3 vector (Promega, Madison, USA). Next, cells were grown in the 24-well plate for 24 hours and were transfected with miR-675 mimic, miR-675 inhibitor, or respective controls, as well as luciferase reporters using Lipofectamine 2000 according to the manufacturers' protocol. Cells were harvested 48 h later, and the firefly and renilla luciferase activities were measured with Promega Glomax 2020 Single Tube Luminometer instrument (Promega). The light intensity from firefly luciferase was normalized with renilla luciferase signal. Each experiment was performed in triplicate.
Western blot analysis
For the western blot analysis total proteins were extracted with RIPA buffer and boiled for 5 min at 95 °C. Next, protein lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and proteins were transferred onto PVDF membranes (Millipore, Billerica, USA). Membranes were then blocked with 5% bovine serum albumin (BSA) for 2h and were incubated with anti-human-FADD (Abcam, Cambridge, USA), pro-caspase 8, pro-caspase 3, actin (Cell Signaling Technology, Beverly, USA) at 4 °C overnight. After being washed with PBS-Tween-20 (PBS-T) for three times, membranes were incubated with secondary antibody for 1 hour at room temperature. After another three washes, the signal was measured using a chemiluminescent detection system (Pierce ECL Substrate Western blot detection system, Thermo, Rockford, IL, USA).
Cell proliferation assay
For the cell proliferation assay, after transfection, 1.0x10 4 cells per well were seeded into 96-well plates in RPMI-1640 containing 10% FBS. Next, CCK-8 (Dojindo, Kumamoto, Japan) solution (10µl/well) was added and cells were incubated at 37 °C in 5% CO2 for 2 hours according to the manufacturers' instruction. Finally, the absorbance at 450 nm of each well was recorded using a microplate reader (Bio-Rad, USA). 
Colony formation assay
For the colony formation assay, cells were trypsinized and cultured on 6-well plates. After 10 days in culture, colonies were fixed in methanol for 20 minutes, stained with Crystal Violet (Sigma, St Louis, MO, USA).
Apoptosis analysis
For the analysis of apoptosis, Annexin V-FITC Apoptosis Detection Kit (Vazyme, Nanjing, China) was used to double stain cells according to the manufacturer s' protocol. In brief, FITC-Annexin V and PI were added and cells were incubated in dark for 30 minutes. Results were analyzed using the BD Biosciences FACS Calibur Flow Cytometer (BD Biasciences, Franklin Lakes, USA).
Lentiviral infection and in vivo tumorigenicity assay
Lentiviruses targeting H19 (LV-shH19), LV-miR675, and scramble control (LV-shNC) were obtained from GENE (Shanghai, China) and were used to stably infect SGC-7901 cells. All experimental procedures were conducted strictly in accordance with the Guide for the Care and Use of Laboratory Animals, and approved by the Nanjing Medical University Animal Studies Committee. All animals were housed at specific pathogen free condition. Stably infected cells were injected subcutaneously into 5-week-old male nude mice (1×10 6 cells/ml, 0.2 ml). Tumor growth was measured every four days after implantation, and the volume of each tumor was calculated was calculated using this formula: V=(length * width * width * π)/6 . Mice were euthanized 4 weeks after injection, and tumors were removed and weighed.
Statistical analysis All data are described as the mean ± s.d. Student's t test was utilized to examine the statistical difference between groups. The correlation significance was determined by Spearman and Pearson correlation analyses. A two side P <0.05 value was considered statistically significant. Statistical analyses were performed with the use of GraphPad Prim 5 (GraphPad Software, La Jolla, USA) or SPSS 20.0 (SPSS, Chicago, USA).
Results
FADD is a potential target of H19/miR-675
It has been established that miR-675 derives from the first exon of H19 (Fig. 1A) . In order to investigate whether H19 at least in part obtains its function from miR-675, we have examined their expression in gastric cancer line SGC-7901. For this purpose cells were transfected with pc-H19, pc-control, si-H19 or si-control. QRT-PCR analysis has shown sevenfold higher H19 expression in the pc-H19 transfected cells while an 80% decrease of H19 expression was detected in si-H19 transfected group compared with control cells. The miR-675 expression showed a trend similar to H19 expression with more than threefold upregulation in pc-H19 transfected cells and 70% decrease in cells transfected with si-H19 compared to control group (Fig. 1B and C) .
In order to elucidate the molecular mechanism of how miR-675-5p contributes to tumorigenesis, we searched the Targetscan database (www.targetscan.org) for possible miR-675 targets. Among the predicted targets, FADD was chosen since it has a vital function in cell apoptosis. According to Targetscan, FADD contains a 10-mer seed miR-675 matches in its 3′UTR region. Furthermore, qPCR and western blot analysis performed in our study showed that FADD was downregulated in SGC-7901 cells transfected with miR-675 mimic while its expression was upregulated in cells in which miR-675 was inhibited. In addition, FADD was reduced in the presence of pc-H19 and increased in the presence of si-H19 compared to its expression in control cells (Fig. 1D, E, and F) .
To confirm whether FADD was a direct target of miR-675, we cloned the sequence of FADD 3′UTR region with miR-675 predicted binding sites downstream of a luciferase reporter and co-transfected it into SGC-7901 cells with either miR-675 mimic, miR-675 inhibitor or respective scrambled controls (Fig. 1G) . In our study luciferase levels were reduced by more than 60% in the presence of miR-675 mimic and increased to more than double in the presence of miR-675 inhibitor in comparison to control cells. Furthermore, this effect was reversed when miR-675 binding sites were mutated (Fig.1H and I ). Thus we can conclude that FADD is a potential target of miR-675.
Next we have examined the intensity of fluorescence which was significantly reduced after pc-H19 transfection compared with the pc-control. However, the expression was rescued when cells were co-transfected with miR-675 inhibitor. No significant variation of luciferase activity was observed for the FADD-mut transfection (Fig. 1J) . Also, si-H19 transfection enhanced the relative fluorescence intensity while the co-transfection with miR-675 mimic reversed this tendency. In addition, no significant variation of luciferase activity was observed when cells were transfected with FADD-mut reporter plasmid (Fig. 1K) . Thus, luciferase assays revealed that miR-675 could bind to the FADD 3ʹUTR, causing a significant decrease in luciferase activity compared with the negative control cells. Therefore it can be concluded that H19 inhibits the expression of FADD through miR-675 targeting. 
Correlation of H19, miR-675 and FADD mRNA expression
To further examine the correlation of H19, H19-derived miR-675 and FADD mRNA expression, we have examined their expression profiles in 34 pairs of primary gastric cancer tissues and corresponding non-tumor adjacent tissues. In our study average expression levels of both H19 and miR-675 were markedly up-regulated (more than two times) in tumor tissues compared to non-tumor adjacent gastric tissues. On the contrary, FADD mRNA expression was significantly decreased in tumor tissues compared to adjacent non-tumor tissue ( Fig. 2A) . Moreover, the H19 expression was positively correlated with miR-675 cancer cell line SGC-7901/DDP. Our results confirmed that H19 and miR-675 were highly expressed in SGC-7901 compared to GES-1, while FADD expression was lower in SGC-7901 compared to GES-1 (Fig. 2E) . In addition, qRT-PCR revealed that H19 and miR-675 were overexpressed and FADD was decreased in SGC-7901/DDP, suggesting H19/ miR-675 expression may be associated with cisplatin resistance (Fig. 2F) .
MiR-675 mediates the pro-proliferation and anti-apoptosis function of H19
In order to examine H19/miR-675 function and possible correlation, we have transfected SGC-7901 cells with pc-H19, si-H19, miR-675 mimic, or miR-675 inhibitor. Both CCK-8 and colony formation assay showed enhanced proliferation in H19-upregulated cells. To further investigate if H19 regulates cell proliferation partially by generating miR-675, we co-transfected SGC-7901 cells with pc-H19 and miR-675 inhibitor. Interestingly, the proliferation of such cells was abrogated compared to SGC-7901 cells transfected H19 (Fig.  3A and B) . Next, flow cytometry analysis was conducted to confirm the role of H19/miR-675 in cell apoptosis and we noticed that cell apoptosis rate was reduced in the presence of H19 compared to SGC-7901 cells transfected with scrambled control. However, the apoptosis rate was increased when cells were co-transfected with miR-675 inhibitor (Fig. 3C ). In addition, we found that H19 downregulation could inhibit SGC-7901 cells proliferation and promote apoptosis while the miR-675 mimic could reverse these effects (Fig. 3D, E, and F) . Overall, these results show that miR-675 is a functional component of the H19 which contributes to increased proliferation and apoptosis inhibition in SGC-7901 cells.
FADD mediates the pro-proliferation and anti-apoptosis function of miR-675
To examine the possibility whether miR-675 itself regulates gastric cancer growth by targeting FADD, we studied the phonotypes of SGC-7901cells transfected with miR-675 mimic, miR-675 inhibitor, pc-FADD, or si-FADD. In our study overexpression of miR-675 promoted gastric cancer cell proliferation and inhibited apoptosis in SGC-7901. Next, we have examined whether its target FADD was involved in this regulation. Indeed, pc-FADD co-transfection with miR-675 mimic specifically ameliorated the effect of miR-675 in gastric cancer cells (Fig. 4A, B, and C) . In addition, co-transfection with si-FADD also rescued the anti-proliferative and pro-apoptotic effect of miR-675 inhibitor, thus implying that miR-675 indeed has a role in the regulation of these processes in gastric cancer by targeting FADD (Fig. 4D, E, and F) . 
H19/miR-675 axis on gastric cancer cell growth in nude mice
To further explore the role of H19/miR-675 axis in gastric cancer in vivo, negative control infected SGC-7901 cells, LV-shH19 infected cells, and LV-shH19 and LV-miR675 coinfected cells were injected subcutaneously into nude mice. The tumor growth-curve of tumor volume was drawn, and tumor weight was measured after euthanasia. In our study there was a dramatic decrease in in tumor volume and weight in nude mice in which LVshH19 infected SGC-7901 cells were injected. In addition, co-infection with LV-miR675 partially reversed this tendency (Fig. 5A, B, C) .
H19/miR-675 targets FADD and inhibits caspase 8/caspase 3
Previous studies have shown that FADD promotes apoptosis by activating the caspase pathway. To determine whether H19/miR-675 promotes cancer by inhibiting FADD and repressing the downstream caspase pathway, we assessed the expression of FADD, procaspase 8, and pro-caspase 3 by western blot analysis. In our study expression of FADD was reduced, while expression of pro-caspase 8 and pro-caspase 3 were increased in cells overexpressing H19 or miR-675 mimic. In addition, transfection of SGC-7901 cells with si-H19 or miR-675 inhibitor had an opposite effect on their expression. Furthermore, cotransfection with pc-H19 and miR-675 inhibitor rescued the regulatory effect of pc-H19. Moreover, co-transfection with si-H19 and miR-675 mimic could alter the regulation effect of si-H19. In addition, transfection of pc-FADD could partially activate inhibited caspase signaling by miR-675 mimic and si-FADD inhibited the effect of miR-675 inhibitor ( Fig.  6A and B) . Based on these findings we have proposed a possible mechanism of H19/miR-675 action in human gastric cancer schematically in Fig. 6c . Taken together, these findings indicate that H19 and its derived miR-675 can inhibit caspase signaling pathway by targeting FADD. 
Discussion
Nowadays, numerous lncRNAs have been reported to play important role in carcinogenesis at both transcriptional and post-transcriptional levels, but their specific mechanisms of action still remain elusive [5, 18, 19, 20] . H19 has been identified as one of the lncRNAs involved in tumorigenesis, however, its role in tumor proliferation and apoptosis has been a subject of controversy for a long time. For instance, it has been shown that H19 can promote gastric cancer and thyroid cancer [21, 22] . On the contrary, Yu et al reported that H19 potentiated choriocarcinoma cell apoptosis [12] . In our study H19 inhibited apoptosis and promoted the proliferation of gastric cancer cells, which is consistent with other recent studies [23] [24] [25] . It has been established that miR-675 derives from the firs exon of H19, and miR-675 has been reported as being at least partially responsible for the regulation of H19 function [26, 27] . In this study both increased proliferation and amelioration of apoptosis occurred in the presence of H19 and miR-675 in SGC-7901 cells. In addition, miR-675 inhibitor could rescue the pro-tumorigenesis effect of H19. Both H19 and miR-675 expression showed the same trend of up-or down-regulated in SGC-7901 cells depending upon different treatments. In the present study, we also investigated H19 and miR-675 expression in gastric cancer tissues and we have shown that they are significantly correlated. Collectively these findings indicate that H19 acts through its derived miR-675.
It has been shown previously that miR-675 regulates target genes by interacting with its 3'UTR in different types of cancers. Indeed, several miR-675 targets have been reported in cancer, such as c-Cbl and Cbl-b in breast cancer, GPR55 in lung cancer, or TGBFI in prostate cancer [26, 28, 29] . In the present study, we confirmed that FADD was a direct target of miR-675 in gastric cancer. FADD is an adaptor protein which is has an important role during death receptor-mediated apoptosis, and it possesses apoptosis-independent activities, including the regulation of cell proliferation and cell-cycle [30, 31] . From the Targetscan database we have identified FADD as potential target of miR-675. Moreover, in our study expression of miR-675 was inversely correlated with FADD in gastric cancer tissues. In addition, up-regulation of miR-675 significantly decreased FADD mRNA and protein levels in gastric cancer cells. Also, FADD was enhanced in gastric cancer cells with miR-675 inhibition. In our study luciferase reporter activity of wild-type 3ʹ-UTR decreased when miR-675 was overexpressed, but this effect was reversed when mutant FADD 3ʹ-UTR was used. Finally, transfection of gastric cancer cells with pc-FADD ameliorated the oncogenic effect of miR-675overexpres-sion. Collectively these data support the hypothesis that FADD is a downstream mediator of miR-675 in gastric cancer. Furthermore, we found that H19 is also inversely associated with FADD expression and that H19 up-regulation can inhibit FADD expression. In addition, the luciferase reporter activity of wild-type 3ʹ-UTR was augmented in cells with decreased H19 expression, but not in cells with mutant FADD 3ʹ-UTR. Collectively these data indicate that H19 regulates FADD through miR-675.
It is known that FADD plays a crucial role in apoptosis, which is a form of programmed cell death occurring in multicellular organisms [32] . When TNF family death ligands (e.g., TNF, FAS, TRAIL) bind to their cognate receptors, FADD and pro-caspase 8 are recruited to form the death inducing signaling complex (DISC) [33] . Meanwhile, pro-caspase 8 undergoes auto-cleavage and converts to active caspase 8. Through cleavage, activated caspase 8 activates downstream effector caspase 3 [34, 35] . Yoo et al. have reported that expression of the FADD protein was reduced in gastric cancer and that it is correlated with the stage of gastric cancer [32] . Furthermore, downregulated caspase 3 has been associated with gastric cancer formation, and serves as potential indicator of tumor development and progression [36] . Therefore we speculated that H19/miR-675 might be involved in the regulation of gastric cancer proliferation and apoptosis through targeting FADD and then inhibiting activation of caspase 8. In this study we have examined the expression of pro-caspase 8 and pro-caspase-3 and found that they both were activated in gastric cancer cells transfected with si-H19 or miR-675 inhibitor. Meanwhile, interference of FADD in gastric cancer cells could abrogated the caspase regulating effects of miR-675. Therefore, our data demonstrate that H19/
